With the vast potential of micro-electro-mechanical systems (MEMS) technology, the reliability is essential for the successful applications of microdevices. Polycrystalline silicon is one of the most often used structural materials in microdevices. Tension testing for fatigue life of this material has been investigated since past years. This paper presents a micro-actuatorbased bending testing system as well as a MTS Tytron250 micro-tensile-force testing machine to study the fatigue of microbeams in bending. The polycrystalline silicon microcantilever beams are fabricated on silicon wafer. The influence of various dimensions and stress on the fatigue endurance is studied when an external force is loaded on the microcantilever beam. The flexural strength of beams are calculated by the ANSYS. Based on the experimental results and ANSYS analysis, it shows that the longer specimen reduces the stresses when the displacement, width and thickness are kept the same. When the width varies, the larger width results in higher stresses. The fatigue life lies between 9:1 Â 10 5 {1:53 Â 10 7 cycles in use of the testing machine. For microactuator testing experiment, the fatigue life persists up to million cycles without failure. The obtained results are compared with the references of different testing methods.
Introduction
Micro-electro-mechanical systems (MEMS) technology has been widely applied to the fabrication of microstructures. Their applications include accelerometers, actuators, angular rate sensors, etc. For the commercialization of microdevices, knowledge of the material properties is very important. The reliable applications lie in the characterization of the mechanical properties of microstructures. There is however no well established knowledge of the material characteristics as for normal scales due to the variations of the fabrication processes. It is essential to investigate the material properties as reference by standardized and reproducible fabrication processes. Researchers have investigated material properties of the microcantilever beams by various testing methods, such as tensile testing, [1] [2] [3] [4] [5] [6] [7] 20) bending testing, [8] [9] [10] 20) fatigue testing, [11] [12] [13] [14] [15] [16] [17] [18] [19] etc. In most of MEMS applications, polycrystalline silicon (poly-Si) is one of the major structural materials in microdevices. Tensile testing for fatigue life of this material has been investigated. Kahn et al. excite a notched specimen with an array of electrostatic comb drives. The frame is anchored to the substrate at the ends of eight flexible linkages. There are 1456 pairs of electrostatic comb actuators inside the frame for generating enough force on the specimen. They test poly-Si that is doped with boron and not doped. The testing frequency is 20 kHz. Their results demonstrate the increase of life with decrease in applied stress.
11) Kapels et al. develop a novel thermal actuator for the determination of fracture strength and its fatigue. The poly-Si fracture beams are 5 mm long, 0.7 mm wide, and 4 mm thick. The U-shaped electrothermal structure is expanded by heating two long beams when passing a current through them, and then the tensile force is applied on the fracture beam. The cyclic heating of the long beams at a rate of 1 Hz pulls the specimen in tensile fatigue. They observe that fracture strength decreases slowly with time to 2.2 GPa after 10 6 cycles. 2) There are several specimens produced on a 1 cm die. The poly-Si specimens are 3.5 mm thick, 50 mm wide, and in different lengths. The die with the specimens on it is glued to a metal block, which is fastened directly to a piezoelectric force cell. As the displacement or load is applied by the piezoelectric actuator or loudspeaker, the tensile force is produced on the specimen. The static strength is measured by pulling the specimen via the fiber with the piezoelectric actuator. In addition, the measured results show an increase in life of poly-Si with decreased cyclic stress. 16) Bending testing is also used to indicate the fatigue life of this material. Muhlstein et al. use the electrostatic comb drive actuator to apply the load to a notched poly-Si cantilever beam, which is attached to a large, perforated plate serving as a resonant mass. The notched specimen of poly-Si beam is 40 mm in length, 19.5 mm in width, and 2 mm in thickness. The testing frequency is 40 kHz. The results show clearly that the life of these poly-Si structures increases due to decreasing the stress at the root of the notch. The specimen life ranges from about 10 s to 34 days, or 3 Â 10 5 to 1:2 Â 10 11 cycles, corresponding to the stress amplitude ranging from approximately 2 to 4 GPa. 14) Lin et al. present the fatigue of the poly-Si microcantilever beams driven by the electrostatic load. The specimen is a cantilever beam with two pads. There are several dimensions of specimen in this study. As the voltage across the specimen and the copper plate is applied, the electrostatic load is generated to bend the specimen. According to their investigation, the fatigue life lies between 6:1 Â Based on the previous research, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] there have several test methods been developed. Due to the importance of the reliability and quality when commercializing MEMS products, the mechanical properties of material have to be defined for predicting the lifetime of the microdevices. The purpose of this study is to employ different testing methods, including microactuator and MTS Tytron250 micro-tensile-force testing machine, to obtain the fatigue life of poly-Si microcantilever beams in bending. The influence of various dimensions on the endurance is also studied when an external force is loaded on the microcantilever beam.
Experimental Methods

Design of specimen
The poly-Si structure consists of a cantilever beam and a groove. In order to prevent the actuator probe from slipping, the groove is used to align the actuator probe with the specimen. There are two different structures, including normal structure and notch structure, as illustrated in Fig. 1 . In the normal structure, the poly-Si beams are 160, 180, 200 mm long, 30 to 50 mm wide, and 2 mm thick. For notch structure design, it can cause stress concentrations when an external force is loaded on the microcantilever beam. The notch specimen of poly-Si beams is 200 mm long, 30 mm wide, 2 mm thick, the notch width is 6 mm and the radius of curvature of fillet is 50 mm. The depth of surface notch is 550 and 900 nm. The location of the structure is next to the fillet end. In addition, the left sidewall of the groove to the free end is 10 mm.
Fabrication of specimen
There are two fabrication techniques to manufacture the microcantilever beam, namely surface and bulk micromachining. The fabrication processes in this study are illustrated in Fig. 2 . The processes begin with the deposition of wet oxide; a layer of 2 mm wet oxide is grown on both sides of the silicon substrate in the horizontal furnace. The material of the structure layer is a low stress poly-Si, and then it is deposited above the oxide for 2 mm thick by low pressure chemical vapor deposition (LPCVD), as shown in Fig. 2(b) . In Fig. 2(c) , a layer of photo resist is coated on the wafer, the groove of the structure is defined by the lithography techniques with the first mask. After dry etching by inductive coupled plasma (ICP), the groove of structure for position can be shaped, as shown in Fig. 2(d) . Coating a layer of photo resist on the wafer can define the shape of the notch at the fillet end, by lithography techniques with the second mask, as shown in Fig. 2(e) . In Fig. 2(f) , the notch of the structure will be etched by ICP and the shape can be shown. After coating of a layer of photo resist, the geometry of the poly-Si structure is defined by the lithography techniques with the third mask and ICP etching, as shown in Figs. 2(g) and 2(h), respectively. The wet oxide film, as a passivation layer of the specimen from tetramethylammonium hydroxide (TMAH) attack, is deposited over the poly-Si by horizontal furnace to 0.5 mm thick at 1050 C, as shown in Fig. 2(i) . It can be a better protection of the structures from TMAH etchant after long wet etching. It is accounted for high selectivity of TMAH between silicon and wet oxide. In this wet etching, a solution temperature of 85 C and 12.5 wt % TMAH are used, the etching rate is 1 mm/min for silicon and 0.001 mm/min for wet oxide. Figure 2(j) shows the passivation layer patterned as the mask for bulk silicon etching by reactive ion etch (RIE). Meanwhile, the poly-Si structure is fully covered between two wet oxide layers. The substrate is then immersed in TMAH solution for bulk silicon etching, as shown in Fig. 2(k) . Finally, the passivation layer is removed by HF and the poly-Si microcantilever beam is fully suspended, as illustrated in Fig. 2(l) . Typically, the etching rate of concentrated HF 49% at room temperature is 2.3 mm/min for wet oxide. 21) The poly-Si structures are shown in Fig. 3. 
Testing method 2.3.1 Testing by microactuator
The experimental setup consists of the microcantilever beam, the microactuator, the function generator, the laser doppler vibrometer (LDV), the oscilloscope, the optical microscope, the monitor, and precision motion positioning stages. Figure 4(a) shows the schematic drawing of experimental setup. A microactuator is used as the loading device. It is a thermal drive actuator with the maximum force of 45 mN and the maximum displacement of 3.6 mm at 12 V in static state. Based on the method of Haque et al., 20) the microactuator and the microcantilever beam specimen are mounted on the X-Y-Z stages and then properly aligned with the specimen. At this stage, the probe moves to the desired location along the beam length direction, and then the microactuator probe in contact with the specimen, as shown in Fig. 4(b) . After alignment, the function generator is connected with the microactuator and outputs the voltage to drive the microactuator. In testing, the digital wave is generated by the function generator. Upon actuation, the microactuator probe approaches the specimen and applies a load on it. The data of the deflection of the specimen is obtained by LDV. The location of the laser point is at 180 mm from the fixed end of the beam. Figure 4(c) shows the microactuator and laser point on specimen. Moreover, the resonance frequency between the microactuator and the specimen can be found by LDV and oscilloscope.
The fatigue testing is carried out under the following conditions. The applied voltage and the digital wave are used to determine the microactuator load. Higher frequency reduces the displacement of the microactuator. Several fatigue testing results with different parameters are listed in Table I . At high frequency, the fatigue life persists up to hundreds of million cycles without failure. In order to increase the displacement of the specimen with the microactuator, lower frequency is applied and the microactuator probe is loaded close to the fixed end of the specimen.
Testing by MTS Tytron250 micro-testing-force
testing machine A testing machine (MTS Tytron250) is used, which allows for both quasi-static and dynamic micro-force in fatigue testing. Figure 5(a) shows the experimental setup. The testing machine consists of the actuator unit and the fixture unit. The fixture unit includes a Y-Z stage and grip socket. The testing specimen is placed on a grip socket demounted from the machine in advance, as illustrated in Fig. 5(b) . After fixing the specimen, the grip socket is vertical and attached to the face of the load cell. The load is applied by the needle attached to the actuator. The actuator travels precisely in the horizontal direction (X-axis) by linear motor and the air bearing to reduce moving friction. The traveling of the actuator is controlled by basic test ware
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Silicon substrate (BTW) control software with the computer. BTW control software is the easiest test program for defining and running simple monotonic and cyclic tests. In this interface, it can easily setup test conditions such as load, displacement, cyclic, frequency, amplitude, etc. The test data can be also acquired and stored by this software. A monitor with the charge coupled device (CCD) optical microscope is mounted near the testing system. The cycle time of the fatigue testing can be recorded by the monitor and the timer.
Results and Discussion
In this study, the poly-Si beams are fabricated by MEMS fabrication. In addition, the poly-Si is annealed through thermal oxidization process. At this temperature of the oxidization process, the crystalline grain size of poly-Si will increased. Therefore, the residual stress and the defect in the previous crystalline grains can be eliminated. The results of fatigue behavior using microactuator testing method include the specimen of normal structure and notched structure. First, the resonance frequency between the microactuator and the specimen is found by LDV and oscilloscope. Figure 6 show the resonance frequency for the microactuator associated with the normal specimen and the notched specimen, respectively. Based on these data, the resonance frequency is applied to the fatigue test. Upon fatigue testing, since the stress values cannot be measured directly, the displacement at free end measured by LDV is used as one of the boundary conditions in ANSYS simulation to calculate the stress and deflection distribution of the specimen. The results show the stress under the displacement corresponding to resonance frequency is far below the testing demand. Hence, another fatigue testing condition of lower frequency (1 Hz) is used. The lower frequency produces the larger displacement. Through the ANSYS simulation, the maximum stress occurs at the fixed end ranging from 8.31 to 382.95 MPa. In this experiment, the specimens are stopped on the set time (around two weeks) and the fatigue life persists up to millions of cycles without failure. Figure 7 presents the fatigue results from microactuator testing experiment. The lager depth of notch specimen can cause the stress concentration to expedite the specimen failure. However, the microactuator test did not produce the deflection large enough to clearly show this effect. Such an effect will be further investigated.
Another result of fatigue behavior is obtained from the MTS Tytron250 micro-tensile-force testing machine. The fatigue failure of poly-Si specimen is examined in the cyclic displacement mode. The applied displacement amplitude is 100 mm and the frequency of the cycle is 20 Hz. Fracture of the specimen is detected by the monitor, and the cycle time is recorded by the timer. The flexural strength of specimens is calculated by the ANSYS. As shown in Fig. 8 , the longer specimen reduces the stresses when the displacement, width and thickness are kept the same. The influence of width on the stress is minor. Figure 9 shows the fracture surface of the microcantilever beam during experiment. One finds that the fracture location does not occur at the root of the microcantilever beam, while it locates at the maximum bending stress predicted by ANSYS simulation. The maximum stress occurs at the fixed end of the specimen ranges between 2.36 -3.7 GPa. The fatigue life lies between 9:1 Â 10 5 { 1:53 Â 10 7 cycles. It is found that the larger stress reduces the number of cycles. Figure 10 shows the experimental relationship between the fatigue life and the corresponding stress. The regression line is used to present the trend of the stress-number of cycles (S-N) curve, which shows the stress is inversely proportional to the fatigue life. In addition, compare with the Fig. 8 , the longer specimen will increase the fatigue life because the longer specimen reduces the stress. The influence of width on the stress is negligible. However, larger width requires larger time to let the fatigue crack propagate through the cross section of the beam. Therefore, the larger width increases the fatigue life. The regression line also shows the dimension is directly proportional to the fatigue life. For the specimen of 200 mm long, the correlation is less clear due to possible fabrication defect. The current experimental results along with the results of other researchers are plotted in Fig. 11 . The fatigue values from other works are collected from the references. The results of testing machine, Kahn et al., 11) Kapels et al., 12) and Muhlstein et al. 14) show the same trend of fatigue. The results of Lin et al. 17) are far below the foregoing results because of different definition of fatigue. They use the electrostatic force to investigate the fatigue life, and defined that the specimen got fatigued when no longer vibrating under a given electrostatic excitation and contacting with the electrode directly. The results of microactuator test and Shape et al. 16) are also far below the foregoing results. The specimen life persists up to millions of cycles without failure because the stress level is very low. The fatigue life corresponding to the stress level of higher than 4 GPa and lower than 2 GPa remains uninvestigated.
Summary and Conclusions
In the current research, the results of fatigue behavior during various testing of the poly-Si in micron dimensions are investigated. The numerical tool ANSYS is applied to predict the mechanical response when an external force is loaded on the microcantilever beam. The experimental results of fatigue life in bending are obtained by both microactuator testing method and MTS Tytron250 microtensile-force testing machine. During microactuator testing, the fatigue life persists up to millions of cycles without failure, for the amplitude of microactuator is too small. When the stress level increases, the fatigue life lies between 9:1 Â 10 5 {1:53 Â 10 7 cycles at the stress level of 2.36 -3.7 GPa in use of the testing machine (MTS Tytron250). The S-N curve of the collected experimental data shows that the larger stress reduces the number of cycles in fatigue. Moreover, the longer specimen and the larger width will both increase the fatigue life. The fracture location found in the experiment agrees with the predicted location of the maximum bending stress from ANSYS simulation. 
